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SUMMARY ‘

An Investigation w88 conducted An the.MACA 20-foot
propeller-reaeasoh tunnel to determine the effeot of va-
riationta Iiaangle of pitch. on the aerodynamic oharaotor-
Istics of several propeller. combinations. TWO-O three-,
four-, and eix-blade elngle-rotating propeller- and a six-
l)ladedual-rotating propeller were tested on @ naoelle with
the thrust axl”opitohed at angles of 0°, 5°, 10.O, and 16°.
The propellers, which were 10 feet in diameter, were teuted
at blade angles uf 25° an”d46°i The force and moment 00- .
effioiento of the propeller werb obtained for .theee ooa-
dittons. .. . .

The results indicate that the propule~ve efflcienoy
decreaae~ a~ the angle of pitch increaoee. The loss due
to pitoh increaned with increafaedeolidity.and warngreater .
at the higher blade-angle settingo.

. .

The vertioal.foroe increased with tm an lo of pitoh
throughout the entire V/nD frange, whereas t e yawing
moment inoreased with pitch only in the low V/nD range.
The yawhg moment, torque.reaction, and olde foroe nearly
vanished with dual rotation, but the vertioal force in-
oreaaed. A greater eolldlt~ increaeed the vertleal forae
and genemally Zncreamed t~e yawing moment. A greater IAade
angle generally Inoreased the foreea and the memento measured.”

. .

:ISfTR@UOTIOB “ .“

~ Pltohing the thrust”axis””ofa.propeller alters ite
thrust, power (or torque), amd effleienoy. eharaoteristlao
and, In additl.on, subjects the pwopeller to vortioal and
horizontal forcss as well ae pltohtng, ~awing, and rolltng
momentsQ Of these effeota, the vertical foroe, yawing
moment, and change in ●ffictenoy due to pitoh influence

— —-- -- -. ——- — —- .— -
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the performance and stablliti~ of an “airplane“to an appreci-
able extent.

. .
.... ..

Both theoretical”,amd experimental studies of the
effeota of a propeller operating at an inclined attitude
have been undertaken at various times. (See references 1,
2, and 3.) “Most “of the previous emplr~cal work was done
with model propellers having only two or three blades
and operating in a low” “V/nD range. Lesley, Worley,
and Moy, in 1935-36, made wind-tunnel experiments in the
Stanford University wind-tunnel” with a model propeller.
With the propeller In yaw, they mea8ured the effecte of
obllque air currents on the propeller force and moment
charaaterleticm for several dlfforent blade-angle @ettinge.

The present investiga~ion was undertaken in-order
to extend prev$oue” work tm include tests of full-soale
propellers having different mumbers of bladetaand In
order.to deter’mine tha effect: of pitoli on dual rotatlrm.
The .propgllera were tested at pos.itlve.angles of pitch e
of 0°, 5 , 10°, and 15°. Four.different blade combina- .
tione,.aonslmt.ing af tyo~, three-, four-, and “six-blade
tr.aot.orpropellers were used to determine the effect of
pitoh and ~olidity. !l!hesix-blade condation included
b-othsingle- and dual-rotating propeller. The inveeti-
gafion in these tests of the complete V/nD range
involved the use of seven Rnewn coefficients in the range
of negative thrust and power. Hew coefficients, such
a8 Te, were formed. by multiplying standard coefficients,
such as C , by the factor ~(nD/V)a. The project was

- carried ouf In.the 20-foot propeller-research tunnel
during May and June 1941 with a set-up that had been
previously used for testing dual-rotating propellers.

The data contained in this report may be applied to
propellers in yaw by rotating the reference axes 90°.

. . APPARATUS AND HETHODS
..”

The NACA 20-foot propeller-research tunnel, in
which the Investigation was conducted, Is described In
reference 4. The tests were run w~th.airspeeds ranging
from zero to 110 miles per hour. .

..
The propeller-drive meehanlsm (fig~.1) was”enclosstl

in a wt%eamline nacelle, wliich had been used In several .
previous inv?ettgat~ons (reference ‘5), The test arrange-. . ,

. .
.
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ment, wtth the principal moment arms from the soale
“~aaetiio”ns-to the””propeller origin -imdisatedo $Q. Phown,,...
in outline in figure’2.- A photograph of the set-up. lm
given in figure 3. “At the angle of =ero pitoh the center
llne of the propeller-nacelle- combination coinclded”wlth
the wind axis of the tunnel. The angle of pitoh of the
nacelle was var~ed by means of a Jaekaerew In”the rear
strut.

Five 10-foot-diameter propellers were employed
(Hamilton Standard drawing numbers 3156-6, right hand,
and 3166-6, left-hand). The blade-form ourvea are shown
In figure 4. The hubs of the two- and the three-blade
single-rotating propellers were located In the rear
spinner. The six-blade single- and dual-rotating
propellers were composed of 2 three-blade propellers
mounted In tandem in the front and rear eplnnere. The
four-blade propeller was made up with 2 two-blade
propellers, one on the front and the other on the rear
spinner.

The net thrust was measured In the ueual manner by
a thrutatbalance. The torque wan measured by the spring-
dynamometer and Selsyn device combination mentioned In
reference 5. Vertical forces were measured by lift bal-
ancea located at the cornerm of the floatlng frame In .
the balance house, and side forces were determined from
balance readings at ths front and rear of the floating
frame. Values of the pltohing end yawing moments were
determined from suitable comb:natlone of the lift the
drag, and the side force. A comparison of the yaiuea
of -cQ COB e and actual rolling moment obtained from
the lift and the ●~de-force balanoes reeulted in a deci-
eion to use torque values transposed to the wind axis in
place of rollSng moment. (See fig. 5.)

The pro ellers we-e driven by alternating-current
tInduotion mo ore and the speed warncontrolled by varying

the frequency of the current supplled to the motore.
The single-~otation tests were run with the motors ooupled
together. Por the dual-rotation tests the speed of the
two propellers was kept equal by meane of a frequeney-
eonverter apparatus and obeeked with a eynchroecope.
The dual-rotation te~ts were made with the rear propeller
blades met to provide approximately the sdme t~rqne ’at%
peak ●fflciency as the front propeller blades.

Propeller speed was varied from a maximum epeed of . .
about 650 rpm to approximately zero to corer “the range

■ mm .,., . . ..-—- . ---



4s

beyond zero thrust, that 1s, to the point where” n m O
Oe v/yD = m. The Eeynolde number was about 1,000,000

c“at peak efficiency for the ~rQpellers set.at 260 at 0.75
.raditieo qpiaal plots of propeller-coefficient results
a“nd <ertical-force and moment oooff5cients are given in
~iguree 6, 7, 8, and 9.

. .

mmrLTs
..”

The extreme range of propeller-operating” conditions
oorered In this ~nvestlgation has bade it convenient to
use two types of coefficients for presenting the data.
The usual ooefflcients,

Thrust ooefftc3ent

. .

“Power coefficient
..

... . .

cq=~
pnaD+

CFE2Z!L
pnaD=

..
are.us”sdon the propeller curves up to the position of
zerd “thrust. .The foroe and moment coefficients--have
bedh.put into similar form covering the range from
V/”nD = O to V/nD = 1.0,

Side~Yoree coeffio~eat..., .,
Verttoal-foroe coefficient

.. .
. .

Roliin&-moment coefficient

Pitching-moment coefficient C*=A
pnSD6

.
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where

ooefflaiant On = ~-----#- pn8DS -- - -’-~--..‘..,

sum of measured thrust of propeller-nacello “
oomhination and drag of body measured separately

air density

rotational epeed

propeller diameter

propeller torque

efficlenoy

alrfspeed

aide force

vertical force

angle of pltoh

pitohing moment

yawing moment
-*Q m w

The value ‘._ ..----... warneubntltuted for c~l m -+,
@#n#” pn D

where L is rolllng moment, because the torque was easily
obtainable from the spring-dynamometer readings and re-
@ulted In more oonelmtent data.an$see “fig- s.) The dif-ference In the values of c1 -C cos 0 vao prob-

8ably eauoed by strut interference on t e nacelle. Por
values beyond the point of zero thrust, the thrust and
power coefficients were multiplied by (nD/V)a, whleh givee
the second form,

-- .-

.- —— -
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81milarly, new coefficients were Yormetl for the
other forces and m~menter by multiplying Cy, o~, cl’,c~,
and Cm by (nD/V) . . .

~ =-Qcodj. ,; ~ If
o

..-
.PVSD3 ~,. ‘f,.- ....- . .

“.. . . . . .-
. .

x
“)40E—

PV8D 3

.

2?C-L
. pv=D3

. .

The parameter
L
V nD was ohanged”to nD/V at the

value of 1.0, at whit the twc parameters ooincide, to
keep the complete range covered by the coefficl”ente down
to a reasonable size. !Fheposition of zero propeller
speed [V/nD = ~, nD/V = O) was difficult to obtatn but
was approached by means of reversing switches on-the
propeller-mbtor” clrcul ,.
./

“The values for the new pxopsller coefficients were
8100 plotted a~ainet nD/V beyond the.value of Sero . .

th~ue.t.to ths posit.ton where n=O.. . .,.. ..
. . In order-to eliminate the effeot of the slipstream
re+a”ctlonkon the body and ,the suppo.rtlng struts, the. .
elde f:orce,.the vertical force, the pltchlng moment, “and
‘theyawing moment have been plotted with the values for.
sero pltc$hdeducted from the values obta’ined for the
pitched propellers. It was assumed that the slipstream
reactions on the body and the sup ortlng struts would

Tremain constant with changes in p tch and also that
these forces and moments should be sero for sero pihch.

All ooeffloientg of forces and moments were oomputed
with the brigln at the inte”rsebtion of the propeller axis
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and its plan. of re”tat~on. with the roault that those
.valum could be”eemlly transferred for mtability computa-
tions on an airplane. ~o”rthe dtaal-rotating”propellur ~
the origin wa6 locat:~ midway between the front and the

.. rear hubs- !l!hereference axis an all oa~es was the wind
axis of the tunnel-

Eor rapid referenoa tho figures showing tho propel-
ler force and moment ch.areotsristioo are lieted as follows:

Efftotencw

3iguree”10-14 “.Effect?f pitoh on effie~enoy
~lgures 15-16 Effeet of solidity on effieienoy
~iguree 17-18 Effect of dual rotation on effieleney

. .

Thrust .

~lgures 19-23 3!ffeot of pitch on thru~t
Elgurea 24-25 Effect of nolldity on thrust
Plgureo 26-27 Effeot of dual rotation on thrust

Power

Plgures 28-32 Effect of pltoh on power
Plguree 3Z-Z4 Effeot of.solidity on power
F3gurea 35-36 Effect of dual rotation on power
l?lgures 37-40 Individual power ourveta ..

Iflgureu41-42 Effeet of pitch oh hide force
.Plgure 43 Effeot of eolidlty on elda forae
~igure 44 Effect of dual rotation.on side forae.. .

Vertical Force

Flguree 45-46.. Effeot of’pitoh on vertical forca
aiglira. 47 Effeot of ●olidity on vert~cal force
Eigure 48 Effect of dual rotat~on on ~ertical forao “

. .. ., . ...!

Eo”lling,Moment

~l~ureo 49-60 “.Effeot of pltoh on rolllng moment.
Figure 61 Effeat of solidity on ~ollSng moment
Figure 52 Gffeat of dual rotation on rolling moment

,

.—.. -.—.
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Pitehirig-Morneat~. . ...

~lgurea 63-54 llffeat of pltoh on .p*tohing moment
. ~lgure 56 Effeot of solidlty on pitohing moment

‘Figure 66 ~ffect. of dual rotation on pltohing moment -

YaWhg )lomeht .

Eiguree 57-68 Effect of pitch on yawing moment
?igure S9 Effect of eolldttv on yawing moment
Plgure 60 Effect of dual rotation on yawing moment

4

DISCUSSIO$l

The effect of the four parameters - plteh, solldity,
dual rotation, and blade angle - on the various propeller.
force and moment coeffioiente is presented in the following.
dieaueeion:

..

Ex.tx?MMz*-- The “effe8t of pltoh on effiolen.oy for .
●aah propeller may be obeerved Sn flgurea 10 to 14. The
10S6 in efficiency An due to pitch appeared, In general,
to be negligible for angles of pitch of 6° for the 26°
blade angle: but a deorease of 0.01 or .0.02 in efficiency
became evident at the blade angle of 45° for propellers
having three or more blsdem. ~or an angle of plteh of 10o’,
the loss varied from 0.01 to 0.03 at
0.02 to 0.06 at @ = 45°.

@ = 25° and from
At the highest angle..of pitoh

tested, 8 = 150, the loss in efficiency wae considerable,
ranging from 0.02 to 0.05-at $ E 25° and from 0.05 to
0.12 at p = 45°. Each additional 5° increment In pltoh
nearly doubled tho lose in effkiienoy from the previous
increment; it is, therefore, to be expeeted that beyond
the range inveetiigated, that ie, for anglee yarger than
6 = 15°, the loss would be quite high. This conclusion -
1s confirmed in references 1 and 2.

~i urea 15 and 16 are comparisons, of the efficiexicles
!for dif eront eolidltlee. Theseflgures indicate that

the effialenc? vaa decreaeed w~th an Increase in.aolldit~
over the entire V/nD range, except at very .low value.
of ‘V/nD. At the higher blade angle (450) the effect
of pitch on efficiency wae more pronounced for high-
●olidlty propellers than for low-~ol~dlty ones.

A ●ttidyof the efficionay chrvee for’the dual-rotation.
condition (flge. 17 and 18) reveals that, althou~h the dual-

s
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rotat~ag propallors wore tho moot ●ffiolent, tho~ ex-
‘ ~erienoed about ti@ shine lores in ifficlenoy from boiag

“’--pxtafiaaloo”tioioWd’’simgl’e-rtititsllg propclloss.. .-..... .....

.~- The maximum thrumt. in both tho positive
and negatiro” range decroamod with pitch, whoream tho
Talue of V/nD for.%OSO thrast lncroa8ed with ~ltoh
(Ag;. 19 to 23). ;

.. . . .

The inurement of thrust duo to @eroaQin solidity
““uaq generally less for 10°”plteh than for Oo ?figs. a4
“and 26).

Plgur@s 26 and 2? show that mdual rotation rosultod
in ●n inorease In thruet over tho si.ngls-rotation oon-
dition, but the gain.was loom for 10o than for Oo p~toh. ‘

~- The affects of plteh, ●olS&3t~, And dual
rotation on the power ooeffleien~o are generally the earn.
as on the thrust coeffieiento (fZga. 28 ta 40): further
discussion 1s, thereforo, unneoeseary.

~- ~~mres 41 and 42 Indiaata that the
qide-forco eoeffia$ent, which was usualls small, generally
inerea~ed slightly In a negative direotion with increases
ih pitch, particularly for low valuec of V/nD. Thare
were no consistent trends of the s~de-foroe oooffleient
for the negative thrust range of V/nDm There ”was no
ooneletent variation of aide forae with molld~t~, as nay
be noted in figure 43. Of Interemt im tho fact that
the std. force nearly vanlthed with dual rotat~oa. (S0. “
ftg. 44.)

1,Uw.force.- The vertioal force is com~o ed of
9evera3 ●lementas The vertioal oomponent of the thrmtl
a vertical reaotio

f
of the propeller due to an unbalanoo

in torque of the b adoa paselng throagh the 3 o~alook
and 9 o~elook positions; and the slipstream reaotions on
the body. .Tho ●ffects of the eltpstream haw boon ●llm.-
Inated by.the method u~ed in plotting the reoults.”

In “flgtares 46 and 46 at may be soon that the +eFtioal
fore. was nearly proportional to the pltuh angle. At
?/nD = O the vertical forse was due ●lmost ●ntirely .to
the vertloal component of the th?uat; the part due to tho
other factors mentioned was negll.glbl~.” As- the vmlue of
.V/nD Increased thlc v?rtlc+ oomponent of the thrust

woul~ be oxpeetod to deeroa?e nearly ~roportionataly to
the de~roase Sn thrust: and the verttoal ebmponent duo
to the-unbalance in blade torque would be ●xpeoted to ln-
.

.-
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o;oaod, .beoquse of the lnoroaeing .ub~lanoorlp the &le’ .
of attao~ of thQ blade? paq~ing”~through the .3 o~olook and “
9 o~clook positions.

..,. . . .
?tgure 4? la a comparleon of -sol~dit~es ””for””tho

ver”t~eal-force eoeff30ieat0 .Ia,the pitohed-”oonditlon
the verttcal-foroe ooeffioient Inoreaeed with eolldity
throughout the V/nD - nD/V raages ae would be expected-

The dual-rotation oompar$s~a.(fig. 48). seveale t~t ‘
the dual-rotating propeller had h~gher verticial-force
c!oeffioiente than the alnglo-rotating propellei”through-
oqt the V~@ - nD/V range, partloularly in the pitohed “.
oonditiQ%. ghis oonditlm oanbe-explalned by the faqt
that the dua~-rotating propeller produced more thrust?’

“ than the “otngle-rotating propeller.
. .

--

..
3oll@z_mom-t .-.!!!herolling-moment ooeffioient was

. but slightly affeeted by pitch, ae may be seen in fSgure@-
49 and 60. “ Throughout most of the “V/nD range thq roll-
ing-moment ooeffie~ent, computed from the scale readings,
was slightly lees than the valuq~ -CQ 00SR, beoause of
the reaction of the slipstream dn .tiheSuppor$$.” (.E?eefig. 6.)

. A oompa~iaon of eolidittQs for the rolling-moment” ooeffioient
(fig. 51) exhibits nothing uqusual. Pltoh had little ●ffeot
on”.eitherthe dual-rotating or single-rotating six-blade
propeller,, ad is illustrated in figure 52. Dual rotation
resulted in only a small net torque reaotion becautae the
rear propeller almoet oancdled the “effeot of the front “,
propeller.

Euiw&nKm3L- The measurement of pitclrlng‘moment .
was inaccurate beoause It involved the uee of f.~r lift
●cale.eand A drag eaale, euoh With “a“long lever arm.
Although there is no oonsiotendy In the measure& reeults
regarding the effect of angle of pltbh on pltahlng moment “ ,
(ftgs. 53 and 64) , the values are “fa~rly small, indicating

~that the p~opeller pite~ng monrehi Ss negligible exeept
f“orcasme 3n whioh the lomgltudinal stability $.sne.ptral ‘
or very waall. The effeot of eolldity on pltohing mom”ent
waa more clearly defined than the effeot of angle of pttoh
(fig. 65). ...J

The dual-rotation meaauremente [fig. 56) are llke-
vtee inooncluoive.

~“mo _-”At low values of V/nD the yawing-
momegt eoefflotent increased with pitoh: =t high valueq of
V/nD no general trend oould be detected. - (Sod figs. Q?
.
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and 68. ) As might be exp’eeted a larger number of blades
resulted in larger momenta. (See-fig. 69.) The yawing
moments n“earlyvanished with dual rotation (.f,ig- .60)s
becapso the rear pr@peller nearly neutralized the effects
of the front p~op~ller.

COMOLUSIOMS “ “

Varying the angle of
E
Itoh of a propeller, besides

ohanghg the effSolenoy, t rust, and power, introduced
vertioal and side foroes as well as pttching~ yawtng~
and rolling moments: of these effeets, effioienoys
vertical foroe, end y~.wingmoment have an Smportant
effect on performapoe and stability.

Pltohing a propeller had little effeot, in general,
on the efflcienoy until the angle of pltoh was greater
than 5°: beyond thie value of the angle of pitoh, the
10SS became appreolable, depending upon the blade angle
and the number of blades. The loss in efficiency due
to pitch increased with propeller solidity and blade
angle. This loss amounted to as muoh as 0.12 for a
six-blade propeller operating at 460 blade angle and 16°
angle of pltoh. The loss wae about the same for dual
rotation as for sln~le rotation,

The side forces and the pitohlng moments as found
in these tests were small and except for an airplane of
low stability, these forces and moments could probably be
negleoted.

The vertloal force incraased with the angle of
pltoh throughout the entire range of V/nD, while the
yawing moment Increased with Pitoh only in the lower mart
of the ?/nD range.

The yawing moment, rolling momant, and side force
nearly vanished with dual rotat~on: but the vertical
force increased.

Higher 801S~lty Sncreased the vertioal for=e and
generally increased the yawing moment.

The foroem and moments measured generally Sncreasad
as the blade angle increased.

Langley Memorial Aeronautleal Laboratory,
Xatlonal Advisory Comm2ttea for Amronautlos,

Langley Pteld, Va.
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